The effects of phosphorus, sulfur, and silicon on the microstructure and the stress rupture properties of a N&Fe base superalloy were studied. Phosphorus had no effect on the grain size of the alloy, but sulfur reduced and silicon enlarged the gram size of the alloy. The 'net' alloy with the lowest amount of the minor elements had a problem of short rupture life. It was determined by analysis that the dislocations in the 'net' alloy were not firmly pinned by the segregation of the minor elements and could move easily, which increased the creep rate and reduced the rupture life of the alloy. In this case, a small addition of any minor element resulted in the same effect, significantly increasing the rupture life but drastically decreasing the rupture elongation. The concentration of the minor elements at the dislocations might reach the saturation point at a very low addition level. When the addition of the minor elements was above the level, their effect of inhibiting the dislocation movement did not increase again, and other influencing mechanisms by the elements took effect. In the late eighties, some minor elements were suggested to be controlled as low as possible to get premium quality superalloys with homogeneous microstructure and mechanical properties.
size of the alloy. The 'net' alloy with the lowest amount of the minor elements had a problem of short rupture life. It was determined by analysis that the dislocations in the 'net' alloy were not firmly pinned by the segregation of the minor elements and could move easily, which increased the creep rate and reduced the rupture life of the alloy. In this case, a small addition of any minor element resulted in the same effect, significantly increasing the rupture life but drastically decreasing the rupture elongation. The concentration of the minor elements at the dislocations might reach the saturation point at a very low addition level. When the addition of the minor elements was above the level, their effect of inhibiting the dislocation movement did not increase again, and other influencing mechanisms by the elements took effect.
Phosphorus had an effect to resist the intergranular ingression of the environmental oxygen. But the oxygen ingression along the grain boundaries was not the dominant factor leading to the failure of the 'net' alloy. Phosphorus at 0.016 wt. % strengthened the alloy by a perfect combination of the three influencing mechanisms, including the inhibition of the dislocation movement, the improvement of the inter-granular precipitation, and the resistance to the intergranular ingression of the environmental oxygen. And hence the alloy had the longest life. Sulfur and silicon seemed having only one beneficial effect of pinning the dislocations, and hence they increased the rupture life of the alloy in the very small addition ranges. Sulfur had an abnormal effect to improve the rupture elongation of the alloy because it reduced the grain size noticeably. 467 of superalloys by concentrating at the grain boundaries or forming the brittle Y-M&S phase [3] . Silicon has some solubility in Nibase superalloys and is detrimental to malleability even in small quantities. It reduces the workability of the alloys by forming the M& phase or segregating at the grain boundaries. Si also forms the low melting point phases, such as Ni-Hf-Si, in superalloys [I].
Phosphorus has not been studied in detail and rare information can be retrieved tiom the literature up to 1984. The maximum solubility of phosphorus in nickel is very small (0.32%) and a eutectic exists at 875°C. The addition of phosphorus to Inconel 600 causes the susceptibility to intergranular attack in strongly oxidizing media.
In the late eighties, some minor elements were suggested to be controlled as low as possible to get premium quality superalloys with homogeneous microstructure and mechanical properties.
Because the elements, including phosphorus, sulfur, and silicon, tended to be segregated in the interdendritic areas and drop the finishing solidification temperature of the alloys [4-71. But the study shows that the segregation tendency is different not only for different elements in the same alloy but also for the same element in different alloys [8] . For example, phosphorus can be dissolved into Laves phase and its effect on the solidification of Inconel718 alloy can be neglected when its content is lowered to some extent.
Recently, great attentions have been paid to the influencing mechanism of phosphorus on superalloys, because phosphorus was found significantly prolonging the rupture life of some alloys . Phosphorus tends to be segregated at the grain boundaries [9, 111 . A strong interaction between phosphorus and boron has been found, and the interaction is an important, or even dominant factor that controlling the rupture life of the alloys [12, 131. For example, the effect of phosphorus in alloy Waspaloy directly relies on the addition of boron [12] . A beneficial effect of phosphorus on the rupture life of the alloys comes from its improvement of the intergranular precipitation, by lowering the surface energy of the grain boundaries and interacting with carbon and boron [14, 151 . In Inconel718 alloy, phosphorus was found to resist the environmental oxygen attack efficiently [15] . In China, Xie's group carried out a series of works to study and compare the effects of phosphorus in Ni-&Fe, Ni-Cr-Fe-MO and Ni-CrFe-Mo-Nb-Ti-Al systems . The co-segregation of phosphorus, chromium and molybdenum has been detected at the grain boundaries [Ill, and a new point was raised that the abnormal effect of phosphorus might result from the effect of P-GB-MO or P-GB-M (metal element) complex on the binding strength and ductility behavior of the grain boundaries. The assumption is supported by the results of the theoretical analysis and calculations [19] . The results and assumption demonstrate that phosphorus is not so poisonous in superalloys as in steels and supply with us the basis of employing phosphorus as a strengthening element but not a harmful one.
The effects of phosphorus, sulfur, and silicon on the microstructure and stress rupture properties of the alloy were investigated and compared in this study. The goal of this paper is to manifest the influencing mechanism of these elements.
Materials and ExDerimental
The materials were prepared in a vacuum induction furnace using high-purity raw materials. To minimize the compositional variations among the heats, the master alloy was prepared, and its composition (wt. %) was CO.011, Cr12.89, Ni43.54, W3.12, Mo1.59, A11.71, Ti3.64, B0.003, SiO.059, SO.003, and Fe balance.
And the master alloy was remelted to give ten IOkg ingots. The ingots were added into different contents of phosphorus, sulfur, and silicon, with the same content of carbon and boron. The remelting also made the alloy much more homogeneous. The contents of carbon, boron, phosphorus, sulfur, and silicon were analyzed and are listed in Table 1 .
The ingots were forged into bars of 45-mm-square section at 112O"C, and rolled into round bars of 18mm in diameter. These materials were then given a standard heat treatment of 1 120°C/2h, water cooled; 850°14h, air cooled; and 750°C124h, air cooled.
The microstructure was observed by using optical microscopy, transmission electron microscopy (IBM), and scanning electron microscopy (SEM). Phase identification was mainly carried out using selected area diffraction. And the trace phases were analyzed by x-ray diffraction (XRD) after anodic matrix dissolution. An electron microprobe was used to measure the composition of precipitates.
The stress rupture lives and elongation of the alloys were measured at 650°C under constant load of 637 MPa, and the 468 fracture surfaces of the test pieces were examined by SEM. Table 1 The MC carbides were stable at the temperature that the thermal mechanical processing and the heat treatment were performed.
They were broken into pieces by forging and rolling and distributed within the grain interior and on the grain boundaries. In the lower addition ranges, the effects of these elements on the y' precipitation were insignificant and could be neglected.
Therefore, it could be determined that the special significant effect of the three elements in the lower addition ranges was not originated from their influence on the precipitation strengthening mechanisms. Phosphorus, sulfur, and silicon are all surface-active elements, they tend to be segregated at the interfaces of various phases and the grain boundaries, and their concentrations in the y matrix are generally very small even when they are highly added.
That is to say that the influence of the three elements in the lower addition ranges on the solution strengthening of the alloys was also not the reason for their common acute effect. The segregation of phosphorus, sulfur and silicon at the grain boundaries of superalloys has been verified by many previous studies [9, 111, and it was most possible that the great effects of the three elements in the lower addition ranges resulted from their modification on the grain boundary strength. However, this intluencing mechanism was also impossible. For example, sulfur is typically a harmful element reducing grain boundary strength [3] . Phosphorus has a bad reputation to damage the grain boundary strength of steels. But both of them presented the same dramatic effect on the stress rupture properties in the lower addition ranges. The minor elements can also modify the grain boundary strength by affecting the grain boundary precipitation.
In the previous study of this alloy, phosphorus was found to This accords well with the results shown in Fig.3 that the rupture lives were greatly increased and the rupture elongation largely reduced by a small addition of any of the three elements.
In addition, phosphorus and silicon existed most likely as free atoms instead of forming the precipitates when their contents were lower, and subsequently a small addition increment could result in a greater concentration increase at the dislocations.
Sulfur formed the Y-M,CS phase even when its content is as low as 0.002 wt. % in the no.1 alloy, and therefore the increment of sulfur content led to a relatively small increase of the sulfur 472 concentration at the dislocations. As a result, the effect of sulfur was slighter than that of phosphorus and silicon in their lower content ranges (see Fig.3 ). This may be an extraneous evidence of the above assumption.
The concentration of any element at the dislocations resulted in the same pinning effect, this explains the common influence of the three elements in their lower content ranges.
As shown in the Fig.3a, after The tlat area was liable to be taken as the area that was finally pulled apart, because there are many small pits with a character looked like the plastic tearing. But it was actually the area where the grain boundaries were initially opened, and then oxidized while soaking at 650°C under the load.
It is shown in Fig.4c that most area of the fracture surface of the no.3 alloy is ' undulated area' with exposing grain boundary surface. indicating that the grain boundaries of the alloy were well prevented from the environmental oxygen ingression. But in propagate along its grain boundaries more easily. This is for two reasons, one is that the rupture life of the no.10 alloy was very short, the other was that the resistance of silicon at 0.91 wt. % to the oxidation is very high. As a result, the fracture surface of
No. 10 alloy was very smooth as shown in Fig.6 . 
